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Abstract

Dynamic speckle imaging is effective approach for visualization of areas of faster or slower micro-
changes on a 3D object surface by analysis of speckle patterns formed on this surface under laser
illumination. A 2D distribution of a statistical parameter related to the measured speed of changes is
built as a map of activity. The map entries strongly fluctuate from point to point even when the speed is
constant in the observed area. The relevant information is buried in a signal-dependent noise, which
depends on (1) activity, and (2) ratio between the time of acquisition of the speckle patterns in the
sequence and the temporal correlation radius of the process. The time of acquisition gives the temporal
resolution of the method. In order to improve this resolution, we studied acquisition at time interval
between the patterns that is much shorter than the temporal correlation radius of intensity fluctuations
caused by the underlying processes in the tested object.
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1. INTRODUCTION

Dynamic speckle imaging (DSI) has found applications in different areas for monitoring capillary blood
flow [1], non-destructive analysis of ceramics [2], bacterial response [3] and paint drying [4] to name a
few. This technique is based on the interference phenomenon [5, 6]. A laser speckle pattern is randomly
produced by addition of surface-scattered coherent light under laser illumination of the tested object. To
capture a speckle pattern, a CCD or CMOS camera is used. Due to processes ongoing within the object,
speckle pattern changes in time. To estimate the speed of these changes, algorithms, based on capturing
sets of images, correlated in time, were proposed. Among them, pointwise processing algorithms are
one of the most developed and commonly used methods for analysis of multiple speckle patterns. They
allow to build activity distribution maps, further named activity maps [7] by processing intensities at
each pixel with the same coordinates in the set of the acquired speckle images. Intensity values strongly
fluctuate within the recorded patterns, and hence one observes fluctuations in the activity maps even if
activity within the sample doesn’t change. This results in decreasing contrast of the activity maps and
thus impairs sensitivity and spatial resolution of the pointwise processing algorithms. In order to
decrease the spread of fluctuations in the maps, the time for capturing a set of speckle images, used to
calculate a given activity map, should be increased. Temporal resolution, in its turn, depends on time
for data acquisition of the single set and is given by T = N x At, where N is the number of correlated in
time speckle images and At is the time interval between two successive images. Thus, increasing the
number of the speckle images N decreases temporal resolution of the DSI method. Choice of the time
interval At is task specific and is related to the temporal correlation radius 7. of the intensity fluctuations
caused by the process under monitoring. Thus, choice of the optimal acquisition time, 7, of speckle
images in order to provide reasonable temporal resolution and good quality of the activity map is one of
the most important tasks in the measurement.

This paper is dedicated to the task of improving DSI temporal resolution. This is crucial for conducting
experiments with samples and fluids, which exhibit relatively fast changes. In order to study the
influence of temporal resolution, 7, on the quality of the built maps, we carried out a set of synthetic
experiments.

First, we have studied how acquisition at time interval between the successive images, that is much
shorter than temporal correlation radius of intensity fluctuations, affects quality of the obtained activity
maps. As a second step, we have examined the impact of time resolution, including number of analyzed
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speckle images, on the contrast of built activity maps. As a metric for evaluation of activity map quality,
a probability density function (PDF) has been used. Finally, we have carried out a set of experiments in
order to check correctness of our statements, based on simulated data.

2. TIME RESOLUTION ANALYSIS - SIMULATION
2.1. Pointwise intensity-based measurement, algorithms and simulation approach
2.1.1. Experiment setup

The experimental setup for capturing speckle patterns is shown in Fig.1. An object under study is placed
on the vibration isolated table. An expanded laser beam with wavelength A = 632.8 nm illuminates the
sample. Normally to the object surface, a camera captures scattered coherent light with phase and
intensity changes in time due to activity in the sample. Resolution of the captured images is Ny X N,,

pixels and a pixel interval is A.

The basics of the pointwise processing is explained in Fig. 2 [8]. To build a single activity map, a set of
N correlated in time speckle images is used, and, thus, time resolution is given by T = N x At. For the
map, an estimate is calculated for every set I, , = [I, 1, I 2, ..., I, n], Where p is a pixel in the range (1...
Ny)(1...N,) and n is the current number of the speckle image in the set. The images are temporally
correlated in time due to a proper choice of time interval At. A parameter, that describes temporal
intensity correlation in data sets and is related to activity is temporal correlation radius t.(x,y) [8]. The
larger correlation radius, the lower activity.

Commonly used algorithms applied in building activity maps are calculation of the generalized
differences (GD) [9, 10], the weighted generalized differences (WGD) [11], Fujii algorithm [12, 13],
the structure function (SF) and the modified structure function (MSF) [14]. The MSF algorithm, which
provides good quality of the map, is the simplest. It is based only on one summation, hence it works
faster compared to GD and WGD algorithms. In this study, activity maps were built using non-
normalized and normalized MSF algorithms. The normalized one is used in order to overcome issues
with spatially variable speckle statistics, related to slight non-uniformity of illumination. All simulations
were conducted at uniform illumination and therefor the non-normalized MSF algorithm was used:

1 N-m
S(p,m) = N—m z |Li = Lyisml (1)
=1

where m is an integer and time-lag T = mAt shows the difference in time between the compared speckle
images in the set. If T > 7., then correlation of intensities between the analyzed speckle images is low.

Camera

Laser Light

Computer

Samﬁ

Vibration isolated table

Fig. 1. Experimental setup for capturing speckle pattern images
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Fig. 2. Building MSF activity map from a set of N time-correlated speckle images; the object is a coin

2.1.2.

of 1 Lev covered with a non-transparent paint.

Quality of activity map as a function of At and N

To evaluate the impact of the time interval At between successively captured images on quality of
activity maps, we carried out numerical experiments with simulated speckle images of a specially
designed test object shown in Fig. 3. The simulation included the following steps:

1)

2)

3)

4)

5)

6)

generation of 2D set of random delta-correlated in space phase values uniformly distributed in
range (0...2m);

. . . A yA .
generation of a 2D set of correlation radius rc(x?,y?), x = 1.. Ny; y = 1...N,,, in order to

simulate regions with different activity values;

generation of 2D set of correlated in time wrapped phase distributions which are delta-correlated
in space; for temporal correlation normalized auto-correlation function — py, (1) =

exp [—1/7. (?,J’Z—A)] has been applied [15];
simulation of the complex amplitude U of the light reflected from the observed object. Ug =
lyexp [—jo (xZ—A, yz—A, iAt)] where I, is the intensity of the laser beam;

simulation of the complex amplitude of light falling on the CCD matrix as Ugcp =
FT~Y[H - FT(Uy)], where H is the coherent transfer function of the registration system and FT
is Fourier Transform;

simulation of integration of intensity distribution by a CCD camera matrix with pixel size A.

The simulated object consists of 4 rectangular areas A1, A2, A3, A4 with different constant activities
given by T.q,To, Tez and Tey. Activity maps are built by applying the MSF algorithm to 256 simulated
speckle images, hence acquisition time is T = 256At. The size of each rectangular region is 64 x 256
pixels, which allows to build rather accurately a histogram of the MSF estimate as an estimate of its
PDF which is an effective quality metric for the obtained activity maps.

Al A2 A3 A4

Te1 | Te2 | Te3 | Tea

Fig. 3. Simulated test object with four rectangular regions with different temporal correlation radii
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The first simulation corresponds to the case when the temporal radius of correlation of the observed
process is unknown. We choose some At and the time lag in Eq.(1) equal to T = 10At . We modeled
three hypothetic situations. In the first case, At is equal to 7, of the fastest process, and the values of
the correlation radii are as follows: 7,4 = At; T, = 2At; 1.3 = 3At; T4 = 4At. In the second
numerical experiment, At is less than 7, of the fastest process, i.e. 7,4 = 10At; 7., = 20At; 1.3 =
30At; 7.4 = 40At. Finally, in the last case, At is much smaller than 7, and the values are: T,; =
100A¢t; 7., = 200At; T3 = 300At; 7.4 = 400At. Below in Figs. 4 (a, c, e), the activity maps for the
three simulations are shown respectively. Figures 4 (b, d, f) present the histograms of the MSF
estimate for the four areas in the built activity maps.
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Fig. 4. Built activity maps (left) and their respective histograms of MSF estimate (right): a), b) - At is
equal to T.q; ¢), d) - At is less than T.q; €), ) - At is much less than 7,

When At is equal to 7.4, the activity areas characterized by t.q, T¢2, Tc3 and .4 are barely recognizible.
The ratio T /7. , i =1,2,3,4 is large, being equal in the four cases to 256, 128, 85 and 64 respectively.
This and the too larger time lag t lead to weak temporal correlation of the data and hence to poor
sensitivity of the method. The spread of the histograms is large, and they overlap each other which
results in low contrast of the activity map. In the second simulation, the ratio T /t; , i = 1,2,3,4 is still
rather large being equal in the four cases to 25.6, 12.8, 8.5, and 6.4 The time lag is equal to the radius
of correlation of the fastest process. This case corresponds to well correlated data on one side and to
rather long realizations of the fluctuating intensity. Regions of different activity can be easily
distinguished. The spread of histograms is also large, but they overlap to much lesser extent. In the third
simulation, the ratio T/7.; , i = 1,2,3,4 is rather small, being equal in the four cases to 2.56, 1.28, 0.85,
and 0.64. The time lag is much less than the radius of correlation of the fastest process. This corresponds
to very correlated data and thus to rather short realizations of the fluctuating intensity. The activity map
shows better contrast than in Fig. 4 a), but worse than in Fig. 4 c¢). The histograms are narrower, but they
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ovelap significantly. Although the activity map with the best contrast is obtained in the second
simulation, the third one provides very encouraging results: it is possible significantly to decrease At
with respect to the temporal correlation radius of intensity fluctuations and to detect different activities
at N =256 images.

In the next simulation, we have explored time resolution impact on quality of the activity map. For this
purpose, 1024 speckle pattern images for the object in Fig. 3 were generated at interval & between two
successive images, that was chosen rather small compared to the correlation radii of the observed
processes. Activity values of the simulated sample were : 7.4 = 405, 7., = 800, 1.3 = 1600, 1.4 =
3200. Using these patterns, three synthetic experiments have been carried out with N =256 at At = ad
for @ being an integer equal to 1, 2 and 4 to build activity maps and histograms corresponding to
decreasing acquisition time. Accordingly, the time lag was taken equal to 7 = a X 10At to provide MSF
estimate values within the same interval in the three cases. In the first simulation, ¢ = 4 and temproral
resolution is determined as T;=4N§. Temporal correlation radius values in units of At are: 7. =
10At; T = 20At; 7.3 = 40At; 7.4 = 80At. On the next step, a = 2, activity values are: T, =
20At; T, = 40At; t.3 = B0At; T.4, = 160At. For the last simulation @ = 1, temporal resolutionis T =
T, /4 and temporal correlation radius values are: 7,4 = 40At; T, = 80At; 7.3 = 160At; 1.4 = 320At.
As in the first sythetic experiment, PDF is used to evaluate contrast and sensitivity of the obtained
activity maps. In Figs. 5 (a, c, e), activity maps are shown for the three values of @. As well, PDFs of
the estimates for these activity maps are shown in Figs. 5 (b, d, f).
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a] N=256 u=4
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E 0 20 40 0
e) N=255, u=1 f) MSF astmats

Fig. 5. Built activity maps (left) and the respective histograms of the MSF estimate (right): a), b) -
a = 4; temporal resolution: 7= T7; ¢), d) « = 2, temporal resolution T = %;e), f) @ = 1, temporal

) T
resolution T = :1.
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One may notice that the contrast of all images makes it easy to distinguish between different areas of
activity. In addition, as it was expected, with time resolution increasing or time 7 decreasing,
fluctuations of the estimates also increase. This is easily proven by the histograms. In the first numerical
experiment with activity regions 7., = 10At; t., = 20At; 7.3 = 40At; 1.4 = 80At, histograms are
narrow and slightly overlap each other. With improvement of the temporal resolution, spread of
histograms is expanding, fluctuations are increasing and contrast worsens. Nevertheless, the obtained
activity map with temporal resolution T = T; /4 still shows satisfactory result. The MSF map entries
fluctuate, but the different activity regions are still distinguishable.

The good results obtained for the case of temporal resolution T = T; /4 motivated us to apply filtering
to the activity maps as it has been described in [16]. The MSF activity maps for 256 and 128 speckle
images are shown in Fig. 6 (a) and Fig. 6 (c). After maps filtering, in both tests, spread of fluctuations
has become much narrower and the histograms almost do not overlap each other (Fig.6). Thus, one can
make a conclusion that it is possible to obtain satisfactory activity maps using small interval At and only
128 speckle images and, hence, to improve 8§ times temporal resolution.
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Fig. 6. Filtered activity maps and histograms, built by analyzing: (a) 256 speckle images, (¢) 128
speckle images histograms

3. DRYING POLYMER EXPERIMENT

An experiment with a drying polymer was carried out in order to confirm results, obtained by
simulations. Raw data were acquired for thin polymer films. The latter are required for a variety of
applications with stringent requirements set on homogeneity, thickness uniformity, surface smoothness,
transparency and optical quality. Spatial characterization of speed of evaporation for a deposited layer
of a polymer solution allows for controlling its quality. In this study, we used commercially available
from Sigma Aldrich azopolymer poly [1-[4-(3-carboxy-4-hydroxy-phenylazo) benzene-sulfonamido]-
1,2-ethanediyl, sodium salt] or PAZO. It is soluble in water and methanol. For the experiment, 40 mg
of azopolymer PAZO were dissolved in 400 pL of a suspension of water. A 100 ul droplet was spread
on a glass substrate. The speckle pattern formed on the glass is shown in Fig. 7 as a bitmap image and a
3D map. Spatially variable speckle statistics, obviously related to slight non-uniformity of illumination,
characterizes the shown pattern. For this experiment normalized MSF algorithm was used in order to
overcome this drawback:
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N-m
1
S(p, m) = m Z |1p,n - Ip,n+m|/ (Ip,n + lp,n+m) (2)
n=1

Several sets of 256 correlated in time speckle patterns were recorded at the time offsets =0, 2, 4 and
6, min from the start of the experiment. The optical set-up was positioned on an optical table with active
vibro-isolation. The activity maps computed at T = 10At; » from 8-bit encoded patterns are shown in Fig.
8 for N = 64. The upper row in Fig. 8 corresponds to At, = 4At;; lower row: At;=250 ms.

#
1 #
’ ‘.f Yo
“0p
|
(a) (b) £

Fig. 7. (a) Bitmap speckle image and (b) 3D distribution of the intensity

@

Fig. 8. Activity maps from left to right, recorded at the time offsets t = 0, 2, 4 and 6, min from the start
of the experiment. Upper row - At, =1 s. Lower row - At; =250 ms.

The activity maps in Fig.8 are obtained with time resolution 64 s and 16 s from sets of images acquired
at different time offsets. The maps correspond to time lags 10 s and 2.5 s respectively. At the chosen
time lags, the MSF estimate given by Eq. (2) varies practically within the same interval of values for
both resolutions. Process of polymer drying is observable at every time offset for both time resolutions.
Regions with faster drying polymer are easily observed at initial time offset t = 0 min. Activity changing
is especially evident on the edges of PAZO spread. The obtained activity maps show better contrast with
the time resolution T, = N x At,= 64 s. Despite the less contrast of the maps corresponding to 16 s time
of acquisition, these maps properly reflect decrease of activity in the sets of images at time offsets t = 2
min, 4 min and 6 min.
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Thus, theoretical results, obtained in series of simulations have been experimentally proven. We see that
increasing time resolution inevitably worsens the quality of the activity maps, but the latter is still
satisfactory for performing DSI.

4. DISCUSSION

In summary, we have analyzed options for temporal resolution improvement in the pointwise dynamic
speckle imaging. We have carried out set of simulations and an experiment in order to study influence
of acquisition time, 7, which gives the temporal resolution, on quality of activity maps. The latter
visualize as an instant picture the areas of faster or slower developing processes on the surface of the
tested object.

In the first set of simulations, we have analyzed the choice of the time interval between the successive
images, At, with respect to the temporal correlation radius 7. of the observed process. We found out
that At~t,. worsens the MSF map contrast. The spread of the PDF of the MSF estimate is large, and
the PDFs overlap each other at different activities. Best quality was obtained in the case when At is a
few times less than t.. Regions of different activity within a synthesized object can be easily
distinguished. The spread of PDFs is also large, but they overlap to much lesser extent. When At is 100
times less than 7., the PDFs are narrower, but they ovelap significantly, which leads to map contrast
decreasing. Nevertheless, visualization of regions of different activity is possible which directly means
that improvement of the temporal resolution by choosing At < 7, is feasible.

In the second set of simulations, the assumption that fluctuations within a MSF map corresponding to
the same mean activity increase in their spread at decreasing T was confirmed. Nevertheless, in case
when time resolution of the method is 4 times better, quality is still acceptable.

Going further, we have done simulation with decreasing number N of the analyzed speckle images.
Quality of activity maps with reduced number N remained satisfactory.

Finally, we have carried out set of experiments with azopolymer that demonstrate that increasing of the
temporal resolution decreases contrast of activity maps. However, contrast does not worsen critically.
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